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Regions Responsible for the Assembly
of Inwardly Rectifying Potassium Channels
Andrew Tinker,* Yuh Nung Jan, and Lily Yeh Jan number of family members (Jan and Jan, 1994; Doupnik
et al., 1995; Yang et al., 1995b). However, the inwardlyHoward Hughes Medical Institute
rectifying group have a distinguishing membrane topol-Departments of Physiology and Biochemistry
ogy with two transmembrane segments (M1 and M2), aUniversity of California
probable pore-forming hairpin loop (H5), and cyto-San Francisco, California 94143–0724
plasmic N- and C-terminal domains (Ho et al., 1993;
Kubo et al., 1993a). Electrophysiologically, they have
the distinction of allowing more inward than outward K1Summary
current. There are currently six subfamilies of inwardly
rectifying potassium channels: Kir1.0 (ROMK1 andInwardly rectifying potassium channelshave an impor-
N-terminal splice variants) (Ho et al., 1993; Boim et al.,tant role in determining theresting potential of the cell.
1995), Kir2.0 (IRK1, IRK2, and IRK3) (Kubo et al., 1993a;They are tetrameric proteins with two transmembrane
Morishige et al., 1994; Takahashi et al., 1994), Kir3.0segments (M1 and M2), a pore-forming loop (H5), a
(GIRK1, GIRK2, GIRK3, GIRK4/CIR, GIRK5/XIR, andcytoplasmic N-terminal, and longer C-terminal do-
splice variants of GIRK2) (Dascal et al., 1993; Kubo etmain. We have used biochemical and electrophys-
al., 1993b; Krapivinsky et al., 1995; Lesage et al., 1995;iological methods to identify regions required for
Isomoto et al., 1996), Kir4.0 (BIR10), Kir5.0 (BIR9) (Bondhomotypic interactions and those responsible for the
et al., 1994), and Kir6.0 (6.1\uKATP, 6.2) (Inagaki et al.,incompatibility between IRK1 and two other members
1995a; 1995b).of the same subfamily (IRK2 and IRK3) and two mem-
The tetrameric nature of inwardly rectifying K1 chan-bers from other subfamilies (ROMK1 and 6.1\uKATP).
nels (Yang et al., 1995b) leads to the theoretical possibil-The data indicate that, in contrast to the voltage-gated
ity of one gene product coassembling with another toclass of potassium channel, the proximal C-terminus
form heteromultimeric channels. This issue is importantand the transmembrane segment M2determine homo-
because in the intact cell, a number of such genes areand heteromultimerization and that heteromultimeri-
expressed, and the currents observed in physiologicalzation between members of the same or different sub-
studies could be a composite of hetero- and homo-families is case specific.
multimers. Indeed, heteromultimeric complexes have
been found in the mammalian heart and brain (Krapivin-
Introduction sky et al., 1995; Liao et al., 1996). The principles de-
termining whether channel subunits assemble predomi-
Potassium channels play a major part in membrane ex- nantly with themselves or with other members of the
citability (Hille, 1992). Potassium channels of known pri- gene family are thus of great importance. In the Kv family,
mary structure fall into two major families: the voltage- compatibility is confined to a subfamily, the N-terminus
gated (Kv) and inwardly rectifying (Kir) K1 channels (Jan and the first transmembrane segment are involved in
and Jan, 1994). The Kv family determines the waveform subunit interaction, and the N-terminus determines
and firing pattern of action potentials in excitable tissues compatibility. However, the rules governing assembly
while Kir contributes to determining the resting potential of Kir-channel subunits have not yet been established.
of excitable and nonexcitable cells. The cloned Kir family In this study, we have addressed this issue by broadly
make up important physiological currents. In cardiac defining the regions of the protein responsible for homo-
tissue, they may contribute to: IK1, a cardiac pacemaker and heteromultimerization. The regions responsible for
current (probably Kir 2.0 subfamily); IKACh, the current that assembly in IRK1 have been investigated using a bio-
slows the heart rate in response to vagal nerve stimula- chemical approach examining protein-protein interac-
tion (Kir 3.0 subfamily); and IKATP, a current activated by tions in cultured HEK293 cells and a functional assay
declining ATP levels, which may be important in limiting based on a dominant negative knockout of wild-type
damage in response to ischaemia (Kir 6.0 subfamily) current (replacement of GYG in H5 with AAA; IRK1-AAA)
(Hille, 1992; 1994; Kurachi, 1995; Wickman and Clap- measured in Xenopus laevis oocytes. Deletion muta-
ham, 1995; Deal et al., 1996). In the pancreas, IKATP is tions of IRK1 indicate that it is possible to remove the
sensitive to sugar levels and regulates insulin release N-terminus but only a fraction of the C-terminus before
and is likely to arise from channel complexes of SUR biochemical association and current knockout are lost.
and Kir 6.2 (Inagaki et al., 1995a). In the central nervous Construction of chimeras between two channels for
system, Kir channels contribute to the resting potential which there seems no evidence of coassembly (6.1\uKATP
and synaptic potentials; their modulationby transmitters and IRK1) shows that replacement of the N-terminus
and internal metabolic state of the cell could regulate and M1 and the distal C-terminus of IRK1 with 6.1\uKATP
excitability (North, 1989; Nicoll et al., 1990; Hille, 1992; does not interfere with biochemical association with
Premkumar and Gage, 1994; Kim et al., 1995). IRK1, but the inclusion of more proximal regions of the
Kv and Kir families are tetrameric proteins with a large C-terminus of 6.1\uKATP does. Transfer of the proximal
C-terminal region from IRK2/IRK3/ROMK1 to IRK1-AAA
results in knockout of the wild-type donor channel. In*Present address: The Cruciform Project/Department of Medicine,
addition, transfer of the M2 segment from IRK2 to IRK1-The Rayne Institute, 5 University Street, London WC1E 6JJ, United
Kingdom. AAA also results in knockout of the wild-type donor
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Figure 1. Expression of Tagged Channel
Proteins in HEK293 Cells and Precipitation of
IRK1-His6
(A) An illustration of the biochemical method-
ology.
(B) The figures are Western blots of 12% de-
naturing polyacrylamide gels transferred to
nitrocellulose membranes and probed with
primary antibodies as indicated. L1–L3: SDS
lysates of transfected cells; L4–L7: resin-puri-
fied samples. Parallel blots were run. Expres-
sion of IRK1-FLAG and IRK2-FLAG alone in
HEK293 cells (not shown) was comparable to
that shown in L2 and L3 for coexpression
with IRK1-His6. Arrows illustrate the bands
corresponding to IRK1-FLAG and IRK2-FLAG
in the upper gel. Molecular-weight markers
in kDa are illustrated beside the gel.
(C) Whole-cell patch-clamp currents in
HEK293 cells 48 hr after transient transfection
with IRK1-His6 or IRK1-FLAG.
channel. The data indicate that the proximal C-terminus used instead of a precipitating antibody. A fusion protein
of IRK1 (IRK1-His6) was made in which a six-histidine tagand the transmembrane segment M2 determine homo-
and heteromultimerization, and for more distantly re- was engineered onto the N-terminus, allowing specific
purification by binding resin. HEK293 cells are tran-lated channel subunits such as IRK1 and ROMK1, the
proximal C-terminus contributes more to their incom- siently cotransfected with IRK1-His6 and the test protein
of interest, which has been epitope-tagged with thepatibility.
eight amino-acid sequence recognized by the FLAG
antibody. IRK1-His6-containing complexes are purifiedResults
from the detergent-solubilized cell homogenate under
nondenaturing conditions and eluted from the resin, andTwo assay systems have been used to identify regions
of IRK1 that are responsible for homo- and heteromul- the proteins are subjected to Western blotting. If there
is protein-protein interaction between IRK1-His6 and thetimerization: a biochemical system involving the tran-
sient transfection of HEK293 cells and coprecipitation FLAG-tagged test protein, the two proteins should co-
purify (Hoffmann and Roeder, 1991), and the interactionof tagged channel subunits and a functional approach
involving injection of Xenopus laevis oocytes with in will be revealed by probing the blot with the FLAG anti-
body (Figure 1A). As shown in Figure 1C, epitope taggingvitro transcribed RNA and measurement of current using
a two-electrode voltage clamp. does not lead to gross alterations in functional channel
expression for IRK1.
Figure 1B shows the practical results of such an ap-A Biochemical Assay
A biochemical assay was developed toexamine protein– proach. The experiment was designed to test the ten-
dency of IRK1 and IRK2 (Kir 2.1 and 2.2) to coassemble.protein interaction between various channel subunits.
The approach is similar in principle to that of coimmuno- A fraction (see Experimental Prodecures) of cells is sub-
jected to direct SDS lysis to examine protein expressionprecipitation, but a binding resin recognizing a six-histi-
dine epitope introduced into the protein of interest is while the remainder is solubilized under nondenaturing
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conditions and bound to the resin. Lanes 1–3 (L1–L3)
are SDS lysates of a fraction of HEK293 cells (see Experi-
mental Procedures) transfected with pcDNA3 as control
(L1), IRK1-His6 and IRK1-FLAG (L2), and IRK1-His6 and
IRK2-FLAG (L3). It is apparent that the FLAG antibody
recognizes a specific band, not present in control mem-
branes (L1), of approximately 55 kDa for IRK1-FLAG (L2)
and 45 kDa for IRK2-FLAG (L3). Lanes 4–7 (L4–L7) are
protein samples eluted from the resin after binding and
washing of detergent-solubilized membranes from cells
transfected as indicated. The absence of IRK1-FLAG or
IRK2-FLAG in L4 and L5 suggests adequate washing
conditionsand implies that any FLAG activityassociated
with purification of IRK1-His6 indicates specific protein-
protein interaction. While IRK2-FLAG can interact with
IRK1-His6 (L7), this is less than the tendency for self-to-
self assembly (L6), given equivalent expression of IRK1-
FLAG and IRK2-FLAG in L2 and L3 and significant purifi-
cation of IRK1-His6 in L6 and L7. Results similar to these
were obtained on three other occasions.
A Dominant Negative Construct for IRK1
The biochemical approach provides a direct measure
of protein-protein interaction but leaves open the ques-
tion of the functional significance of any interaction.
To test for the effect of such interactions on channel
function, we used a dominant negative approach (Her-
skowitz, 1987). The GYG motif in the H5 region of potas-
sium channels plays a key role in selectivity and pore
Figure 2. Dominant Negative Effects of IRK1-AAA on IRK1 Current
function (Heginbotham et al., 1994; Slesinger et al., Expression
1996). These three amino acids have been replaced with (A) In the dominant negative effect, the inhibitory subunit (closed
three alanines in IRK1 (IRK1-AAA). Injectedalone, it does circle) associates with wild-type monomers (open circle) and inacti-
not lead to current (not shown), but coinjection with vates function. The justification for a single mutant subunit inactivat-
ing function is given in (C).IRK1 leads to a strong suppression of current compared
(B) Coinjection of the AAA mutant with IRK1 leads to suppressionto that of the control (Figure 2B). With the assumption
of oocyte currents recorded with a two-electrode voltage clamp 1that channels containing one mutant subunit or more
day after injection (see Experimental Procedures for pulse protocol).
are sufficient to knock out function (Figure 2A), titration Current-voltage relationships are illustrated beside the traces.
of the relative reduction of current with increasing con- (C) A dose-response curve for inhibition of current by IRK1-AAA.
centrations of IRK1-AAA RNA conforms to the behavior I\Ic is the relative current level compared to the control. Each data
point (squares) is an average from 5 oocytes 6 the SEM. The dashedexpected for a tetramer (Figure 2C), either because the
lines are theoretical curves based on various stoichiometries: themutant subunit coassembles with wild-type subunits
upper line corresponds to the expectation for a dimer, the middle lineand gives rise to nonfunctional channels on the cell
for a tetramer, and the bottom line for a dodecamer. The theoretical
membrane, or because the multimeric complex con- relationship is I\Ic 5 (1 2 the fraction of mutant protein)n, where the
taining the mutant protein is recognized and degraded. amount of protein is assumed to be linearly related to the amount
Coinjection of IRK1-AAA with a member of the Kv family of RNA injected. At higher RNA concentrations, there is likely to be
some saturation of expression, and this may explain the deviation(Kv1.2) did not lead to a reduction of current, indicating
of the experimental data from the theoretical curve for n 5 4.that the effect was likely to be specific (Figure 2D).
(D) A bar graph shows leak-subtracted currents at 2100 mV (IRK1)
or 50 mV (Kv1.2) with oocytes injected as indicated. Coinjection is
indicated by 1. N 5 9 for IRK1 6 IRK1-AAA injections, n 5 6 forA Deletion Analysis of IRK1 Assembly
Kv1.2 6 IRK1-AAA injections, and n 5 4 for uninjected oocytes. TheA series of N- and C-terminal deletion mutants (Figure
asterisk indicates a statistically significant difference between the3A) are constructed and tagged with the FLAG epitope
control and coinjection.
for study in HEK293 cells or with and without the AAA
replacement of GYG in H5 (but no epitope tag) for study
in oocytes (see Experimental Procedures). is especially good expression of Cd131-FLAG but no
evidence of copurification despite good purification ofFigures 3B and 3C show the results of biochemical
analyses. The deletion mutants Cd385-FLAG, Cd376- full-length IRK1-His6.
Two N-terminal deletion mutants Nd71-FLAG andFLAG, Cd333-FLAG, Cd256-FLAG, Cd218-FLAG, and
Cd131-FLAG express protein. However, only Cd385- Nd80-FLAG were also tested for their ability to copurify
with IRK1-His6. While both were epitope tagged at theFLAG and Cd376-FLAG copurify strongly with full-length
IRK1-His6 (Figure 3B) while a weaker interaction with N-terminus, recognition of the sequence this close to
the transmembrane domains was poor. However, theCd333-FLAG, Cd256-FLAG, and Cd218-FLAG could be
demonstrated on occasion with prolonged exposure of C-terminal IRK1 antibody was able to recognize them.
Relying on size to distinguish full-length and truncatedthe blot to film (not shown). It is worth noting that there
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Figure 3. Regions Important for Homo-
multimerization of IRK1 as Determined by a
Deletion Analysis
(A) A cartoon shows the deletion mutants.
The length of the C-terminal constructs is in-
dicated by the number after Cd. For the
N-terminal deletion mutants, the sequence
reads met-gly-amino acid 71 of IRK1 (Nd71)
and met-gly-amino acid 80 of IRK1 (Nd80).
(B) HEK293 cells transfected with IRK1-His6
and a FLAG-tagged construct as indicated.
The control is transfection with pcDNA3. The
figures are Western blots of SDS cell lysate
(upper row) or resin-purified IRK1-His6 con-
taining complexes (middle and lower rows)
probed with primary antibodies as indicated.
IRK1C1 antibody recognizes the Cd385-
FLAG mutant butnot the Cd376-FLAG mutant
in the middle row.
(C) Cells transfected with IRK1-His6 and a
FLAG-tagged construct as indicated. Though
FLAG-tagged, these mutants were better rec-
ognized by the IRKC1 antibody and can be
distinguished on the basis of size. The figures
are Western blots of resin-purified IRK1-His6
containing complexes probed with IRK1C1
primary antibody. Molecular-weight markers
in kDa are illustrated beside the gel in (B)
and (C).
versions of IRK1, it was possible to see that IRK1-His6 0.20 (n 5 7); 1:50 IRK1 1 1:25 Cd333-AAA 5 2.00 6 0.2
(n 5 6); 1:50 IRK1 5 2.97 6 0.30 (n 5 7); 1:50 IRK1 1and mutants Nd71-FLAG and Nd80-FLAG copurify (Fig-
ure 3C). 1:5 Cd333-AAA 5 2.28 6 0.44 (n 5 7); and 1:50 IRK1 1
1:5 Cd218-AAA 5 3.17 6 0.48 (n 5 6).As shown in Figure 4A and Table 1, only mutants
Cd385 and Cd376 gave robust currents in oocytes
(graded 11; comparable to IRK1) while mutant Cd333
gave a small amount of current (graded 1/2; an example A Chimeric Approach to IRK1 Assembly
Based on the deletion analysis described above, theof an oocyte with especially good expression is shown
in Figure 4A). All other C-terminal deletion mutants and N-terminus does not appear necessary for assembly,
and Cd333 forms a boundary for C-terminal deletion atthe N-terminal deletion mutants gave no measurable
current (graded as 2). When GYG in H5 was replaced which biochemical association, expression, and knock-
out are decreased. To further narrow down the regionwith AAA, Cd385-AAA and Cd376-AAA gave no measur-
able current. Coinjecting wild-type IRK1 with mutants responsible for molecular recognition, a chimeric ap-
proach has been adopted. The idea is to replace regionsCd385-AAA, Cd376-AAA, Nd71-AAA, and Nd80-AAA led
to a prominent dominant negative effect (graded 11, in IRK1 with those of a channel that IRK1 does not
normally coassemble with, and then examine biochemi-Figure 4B).Coinjection of the shorter C-terminal deletion
mutants Cd333-AAA, Cd218-AAA, and Cd131 with IRK1 cally whether this chimera can copurify with IRK1-His6.
Recently, an inwardly rectifying K1 channel subfamilydid not lead to a prominent reduction in current com-
pared to that of the control. For example, in three differ- (Kir 6.0) with only 50% homology to the IRK (Kir 2.0)
subfamily was described that is likely to be one of theent batches, the following results were obtained with
Cd333-AAA and Cd218-AAA coinjection (all currents in molecular components of the ATP-sensitive K1 current
in pancreatic b cells, cardiac myocytes, and many othermA): 1:50 IRK1 5 1.76 6 0.47 (n 5 8); 1:50 IRK1 1 1:25
Cd218-AAA 5 0.96 6 .07 (n 5 8); 1:50 IRK1 5 2.39 6 tissues (Inagaki et al., 1995a; 1995b). One member of
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regions and the proximal C-terminus of IRK1 were in-
cluded. NUK-IRK1-C2UK-AAA (i.e., including replace-
ment of GYG with AAA) was coinjected with IRK1. Figure
5E shows a significant reduction in current that does
not occur when NUK-IRK1-C2UK-AAA is coinjected with
a member of the Kv family (Kv1.2). This result was re-
peated in another batch of oocytes (not shown).
Regions Responsible for Incompatibility
Between IRK1 and IRK2/IRK3/ROMK1
Having found that the H5/M2 regions and the proximal
C-terminus of IRK1 were sufficient for homomeric sub-
unit interactions, we next searched for regions that
might account for the incompatibility for coassembly of
two different subunits, based on the assay of dominant
negative knockout of currents. We found that good ex-
pression of 6.1\uKATP in oocytes was difficult to achieve.
We consequently investigated the effect of IRK1-AAA
Figure 4. Dominant Negative Effects of Cd385, Cd376, Nd71, and on IRK2/IRK3/ROMK1 current and found that coexpres-
Nd80
sion of IRK1-AAA did not result in significant current
(A) Oocyte currents recorded with a two-electrode voltage clamp suppression (Figures 6B–6D), indicating that IRK1 is in-show expression of two deletion constructs. Note the difference in
compatible with IRK2/IRK3/ROMK1. To identify regionscurrent-amplitude scaling between Cd333 and Cd385.
responsible for this incompatibility, we first replaced the(B) Bar graphs show leak-subtracted currents at 2100 mV with
oocytes injected as indicated. Coinjection with IRK1 cRNA is indi- N- or C-terminus of IRK1-AAA with the corresponding
cated by 1. For IRK1, n 5 7; for IRK1 1 Cd385-AAA, n 5 8; for region of IRK2 or IRK3 and tested for the ability of these
IRK1 1 Cd376-AAA, n 5 5, and n $ 6 for IRK1 6 Nd71/80-AAA. chimeras to coassemble with IRK2 or IRK3. We also
N $ 4 for all uninjected oocytes. Asterisks indicate a statistically
substituted the C-terminus of IRK1 with that of ROMK1significant difference between the control and coinjection.
and looked for dominant negative effects of this chimera
on ROMK1-channel formation (Figure 6A).
Coinjection of IRK1-C1IRK2-AAA,IRK1-CIRK3-AAA,
and IRK1-CROMK1 (see Experimental Procedures forthis subfamily has been epitope tagged (6.1\uKATP-
FLAG), and a series of chimeras was constructed be- further explanation) led to a dominant negative effect
on IRK2, IRK3, and ROMK1, respectively (Figures 6B–tween 6.1\uKATP and IRK1 (Figure 5A). Figure 5B confirms
that it is not possible to copurify 6.1\uKATP-FLAG when 6D). By contrast, IRK1-AAA, N-terminalchimeras of IRK2
(NIRK2-IRK1-AAA) and IRK3 (NIRK3-IRK1-AAA), and apurifying IRK1-His6.
IRK1-C2UK-FLAG and NUK-IRK1-FLAG can interact C-terminal chimera involving the more distal part of the
C-terminus (IRK1-C2IRK2-AAA) show dominant nega-with IRK1-His6, but IRK1-C1UK-FLAG can only do so
weakly (Figures 5C and 5D and see below). NUK-IRK1- tive effects over IRK1 (not shown) but not their respec-
tive donor channel (Figures 6B–6D). The results wereFLAG and IRK1-His6 expressed poorly together, but it
was possible tomeasure a detectable signal (Figure 5D). repeated on at least one other batch of oocytes (not
shown) except for the IRK2/IRK1-C2IRK2-AAA coinjec-The effect was stoichiometric, i.e., small amounts of
IRK1-His6 and NUK-IRK1-FLAG were expressed and co- tion, which was performed on one batch. These effects
are likely to be specific because IRK1-C1IRK2-AAA,purified, in contrast to an IRK1-C1UK-FLAG\IRK1-His6
combination when largeamounts of IRK1-His6 werepuri- IRK1-CIRK3-AAA, and IRK1-CROMK1 do not cause a
reduction in Kv1.2 expression (Figure 6E).fied, but only a comparatively small signal from IRK1-
C1UK-FLAG was detectable (Figure 5C and see below). The data above support a role for the C-terminus in
determining compatibility. Interestingly, IRK1-C1IRK2-A double chimera, NUK-IRK1-C2UK-FLAG, was also
made, but it proved impossible to get good expression AAA (Figure 7A) and IRK1-CIRK3-AAA (not shown) also
have dominant negative effects over IRK1; the chimeraof both IRK1-His6 and NUK-IRK1-C2UK-FLAG when co-
transfecting. This effect was sufficently pronounced that IRK1-C1IRK2-AAA appears able to interact equally well
with IRK1 and IRK2. One possible explanation is thatit was impossible to perform the relevant experiment.
These phenomena may be due to degradation of IRK1- the H5/M2 segments and the part of the C-terminus of
IRK1 remaining in IRK1-C1IRK2-AAA allow this chimeraHis6/NUK-IRK1-C2UK-FLAG and IRK1-His6/NUK-IRK1-
FLAG heteromultimers, similar to the observation with to interact with IRK1, despite the presence of the IRK2
C-terminus, which confers compatibility between thistwo othermembers of the inwardly rectifying potassium-
channel family (Tucker et al., 1996). The experiments chimera and IRK2. This possibility was further investi-
gated by construction of the chimeras in Figure 7B com-were repeated on three other occasions with similar
results. These results further localize a region in the bined with AAA replacement of GYG in H5. Coinjection
of IRK1-M2CIRK2-CIRK1-AAA or IRK1-M2IRK2-CIRK1-proximal C-terminus approximately between amino
acids 220–300 as important in assembly. AAA with IRK2 and IRK1-M2CROMK1-CIRK1-AAA with
ROMK1 led to a reduction in current compared to thatTo confirm the functional importance of this region,
a chimera was constructed in which only the H5/M2 in the control (Figure 7C), whereas these chimeras did
Cell
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Figure 5. Regions Important for Heteromultimerization as Determined by Studies of Chimeras of IRK1 and 6.1\uKATP
(A) A cartoon shows the chimeras between IRK1 and 6.1\uKATP with boundaries as indicated. (B–D) HEK293 cells were transfected with a
FLAG-tagged construct as indicated with (1) or without (2) IRK1-His6. The figures are Western blots of SDS cell lysates or resin-purified IRK1-
His6 containing complexes probed with primary antibodies as indicated. Parallel blots were run. Molecular-weight markers in kDa are illustrated
beside the gel.
(B) IRK1-His6 forms complexes with IRK1-FLAG but not with 6.1-FLAG.
(C) IRK1-His6 forms complexes with IRK1-C2UK-FLAG but not with IRK1-C1UK-FLAG.
(D) IRK1-His6 forms complexes with NUK-IRK1-FLAG. HEK293 cells were transfected with pcDNA3 (800 ng cDNA) (L1), NUK-IRK1-FLAG (800
ng cDNA) (L2), and IRK1-His6 (800 ng cDNA) 1 NUK-IRK1-FLAG (800 ng cDNA) (L3). Due to the absence of IRK1-His6 in L1–L3, the ratio of
DNA concentration was thus varied. NUK-IRK1-FLAG (200 ng cDNA) is shown in (L4); IRK1-His6 (1200 ng cDNA) 1 NUK-IRK1-FLAG (200 ng
cDNA) is in (L5). It was difficult to see convincing measurable NUK-IRK1-FLAG in SDS cell lysates. However, it was possible to see copurification,
though the expression level of both constructs was low. When probed with IRK1C1 antibody, the complex runs as a doublet due to the slight
difference in mobility of NUK-IRK1-FLAG and IRK1-His6. Blots were exposed to film for 3 min (L4 and L5).
(E) Dominant negative effects of NUK-IRK1-C2UK-AAA over IRK1 but not Kv1.2 currents. N 5 9 for IRK1 6 NUK-IRK1-C2UK-AAA, and n 5
4 for uninjected oocytes.
not show dominant negative effects over the control interaction is bestowed by the inclusion of this region in
the IRK1-C2UK-FLAGchimera. The electrophysiologicalchannel Kv1.2 (Figure 7D) nor give rise to functional
channels by themselves (not shown). It should be noted assays in Figure 7F further indicate that the relative
contributions of the proximal C-terminus and the M2Cthat more than 90% suppression of ROMK1 current by
IRK1-M2CROMK1-CIRK1-AAA occurs only at very high region depend on the context. Thus, the dominant nega-
tive effects over IRK1 and IRK2, as indicated by thecRNA concentrations, and at these concentrations, re-
duction in Kv1.2 expression is 25% (Figures 7C and 7D, normalized current (I\Ic) reduction, are similar over a
range of IRK1-M2CIRK2-CIRK1-AAA cRNA concentra-right row).
The data presented support the role of M2 and the tion (Figure 7F, left row). The absolute current levels are
similar (see legend); the single-channel conductance isproximal C-terminus in determining compatibility for
coassembly. Is it possible to say what the relative contri- approximately 20 pS and 35 pS for IRK1 and IRK2, re-
spectively, under similar ionic conditions, and bothbutions of the two regions are? As shown in Figure 7E
(there was more prolonged exposure of this blot than channels have high single-channel open probability
(Takahashi et al., 1994). Taken together, with the obser-that in Figure 5C), whereas some coassembly with IRK1-
His6 is detected for the IRK1-C1UK-FLAG chimera with- vation that the IRK1-C1IRK2-AAA chimera can exert
dominant negative effects on either IRK1 or IRK2 cur-out the proximal C-terminus of IRK1, much stronger
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Figure 6. Dominant Negative Effects Over
IRK2/IRK3/ROMK1 Current Due to the Proxi-
mal C-Terminus (Amino Acids 220–300) of
IRK2/IRK3/ROMK1
(A) A cartoon shows the chimeras con-
structed between IRK1 and IRK2/3-ROMK1
with boundaries as indicated.
(B) Dominantnegative effect of IRK1-C1IRK2-
AAA on IRK2. On top, a graph shows current
amplitudesat 2100 mV from oocytes injected
with 1:50 IRK2 together with different
amounts (0.05 5 1:20) of cRNA for IRK1-AAA
(open squares) or 6 IRK1-C1IRK2-AAA
(closed squares). N 5 7 for all points. The
dotted line indicates the level of endogenous
currents determined from uninjected oo-
cytes. On the bottom, bar graphs show leak-
subtracted currents at 2100 mV with oocytes
injected as indicated. N $ 7 for all injections,
except n 5 4 for uninjected oocytes.
(C) Dominant negative effect of IRK1-CIRK3-
AAA on IRK3. Bar graphs show leak-sub-
tracted currents at 2100 mV with oocytes
injected as indicated. N $ 6 for all injections,
except n 5 4 for uninjected oocytes.
(D) Dominant negative effect of IRK1-
CROMK1 on ROMK1. ROMK1 current traces
under the conditions indicated (upper part of
the figure). The current–voltage relationship
is 1:10 ROMK1 1 1:5 IRK1-AAA (90 mM K1 5
squares, 5 mM K1 5 triangles) and 1:10
ROMK1 1 1:5 IRK1-CROMK1 5 diamonds.
In the lower right, a bar graph summarizes
the data at 2100 mV with subtraction as in
Experimental Procedures (n $ 7).
(E) Lack of dominant negative effects on
Kv1.2. A bar graph shows leak-subtracted
currents at 50 mV with oocytes injected as
indicated (n 5 7).
rents (see above), these results indicate that the incom- domains control self-to-self assembly, i.e., homo-
multimerization, and which domains influence discrimi-patibility between IRK1 and IRK2 is contributed to
equally by differences in the M2C region and proximal nation and association, i.e., heteromultimerization? The
results of thedeletion approach that addresses the issueC-terminus (amino acids 220–300) and can be overcome
by swapping either of these two regions. of homomultimerization and the chimeric approach that
addresses the issue of heteromultimerization are sum-In contrast to the incompatibility between IRK1 and
IRK2, the incompatibility between IRK1 and ROMK1 ap- marized in Table 1.
The deletion analysis indicates that it is possible topears to be only partially overcome by swapping the
M2C region. At lower IRK1-M2CROMK1-CIRK1-AAA remove the N-terminus but only a fraction of the C-ter-
minus before biochemical and functional evidence ofcRNA concentrations, this chimera shows stronger
dominant negative effects over IRK1 than ROMK1 (Fig- assembly is lost. Cd333 represents a boundary for
C-terminal deletion at which biochemical association,ure 7F, right row). The absolute current values are given
in the legend, and ROMK1 has a single-channel con- expression of current, and knockout are decreased or
lost. The chimeric analysis shows that in biochemicalductance of approximately 30 pS and high single-chan-
nel open probability (Lu and MacKinnon, 1994a). Thus, and functional terms, it is possible to replace the
N-terminus and M1 and the distal parts of theC-terminusthe compatible C-terminus between IRK1 and IRK1-
M2CROMK1-CIRK1-AAA seems to induce a stronger of IRK1 with the relevant portions of other channels,
and the chimeras still assemble with IRK1. Thus, theinteraction than that of the compatible M2C region be-
tween ROMK1 and this chimera. N-terminus and the more distal parts of the C-terminus
appear to be not essential for assembly or compatibility.
Transfer of the proximal C-terminus (amino acids 220–Discussion
300) or the M2 segment from IRK2 to IRK1 results in a
channel subunit that can interact with IRK2. The dataA Region in the Proximal C-Terminus and the
Transmembrane Segment M2 Determine in Figure 7 further suggest a difference in the relative
importance of these two regions, depending on the con-Assembly and Compatibility
The major objective of this study was to attempt to text. The interaction between IRK1 and IRK2 of the same
subfamily seems to be influenced equally by compatibil-define the regions of the channel protein responsible for
assembly. Two related questions are pertinent. Which ity over the M2C region (amino acids 156–220, with 11
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Figure 7. Dominant Negative Effects Over
IRK2/ROMK1 CurrentDue to the M2 Segment
and the Adjacent Amino Acids (156–220) of
IRK2/IRK3/ROMK1
(A) A bar graph shows the dominant negative
effect of IRK1-C1IRK2-AAA on IRK1 (n $ 6).
(B) A cartoon shows the chimeras con-
structed between IRK1 and IRK2-ROMK1
with boundaries as indicated.
(C) Bar graphs show the dominant negative
effect of IRK1-M2CIRK2-CIRK1-AAA and
IRK1-M2IRK2-CIRK1-AAAon IRK2 (n 5 9)and
IRK1-M2CROMK1-CIRK1-AAA on ROMK1
(middle bar graph: n 5 6; right bar graph: n 5
10). Uninjected oocytes contained no endog-
enous inwardly rectifying current.
(D) A bar graph shows the lack of a dominant
negative effect on Kv1.2 (leak-subtracted
currents at 50 mV) with oocytes injected as
indicated (n 5 8 in the left bar graph; n 5 9
in the right bar graph).
(E) An experiment similar in design to that
illustrated in Figure 5C. The blot was ex-
posed to film for 150 s.
(F) A plot of the decline in relative current
(I\Ic) with increasing cRNA concentrations of
IRK1-M2CIRK2-CIRK1-AAA (n 5 9 in the left
graph; 0.04 is 1:25 dilution) on IRK1 (Ic is 1:50
IRK1 5 4.15 6 0.43 mA, open squares, points
are joined by a dashed line) and IRK2 (Ic is
1:25 IRK2 5 3.55 6 0.40 mA, closed squares,
dotted line) and IRK1-M2CROMK1-CIRK1-
AAA (n 5 10 in the right graph) on IRK1 (Ic is
1:50 IRK1 5 5.57 6 0.28 mA; triangles are
connected with a dashed line) and ROMK1
(Ic is 1:10 ROMK1 5 8.21 6 0.68 mA; triangles
are connected with a dotted line). Uninjected
oocytes contained no endogenous inwardly
rectifying cuurent.
differences) and the proximal C-terminus (amino acids the proximal C-terminus is necessary for any strong
220–300, with 18 differences). However, between chan- effect of the transmembrane segments to be seen.
nels that belong to different subfamilies and are less One study implicated the transmembrane domains in
homologous, i.e., IRK1 and 6.1 (29 and 40 differences determining a dominant negative effect between BIR9/
in M2C and the proximal C-terminus, respectively) and 4.1 and CIR/3.4 (Tucker et al., 1996). However, the au-
IRK1 and ROMK1 (26 and 45 differences in M2C and thors did not reach anyconclusions related to assembly.
the proximal C-terminus, respectively), compatibility be- Another study reached the conclusion that the N-termi-
tween the proximal C-terminal regions is the major con- nus was of primary importance (Fink et al., 1996), but
tributing factor to whether channels will heteromultimer- our studies do not implicate this region in a major fash-
ize (Figures 5–7). Furthermore, specificity may not be ion. We cannot wholly account for this difference.
totally absolute between IRK1 and IRK2 (Figure 1).
One other point worth noting is that the exact C-ter-
Assembly of Other Channel-Subunit Complexesminal boundary for the assembly/compatibility region is
A comparison of our results for the Kir family and theslightly different for the deletion (amino acid 333) and
known behavior of the Kv family is instructive. A region inchimeric analysis (amino acid 300). It could be that this
the N-terminus of the Kv family is involved in determiningregion of the C-terminus is necessary in some way for
compatibility and plays a role in homomultimerizationhomomultimerization but not heteromultimerization. Al-
(Li et al., 1992; Shen et al., 1993; Babila et al., 1994),ternatively, it is perhaps more likely that C-terminal dele-
analogous to the N-terminus of the nicotinic acetylcho-tions affect the correct folding of other regions. In addi-
tion, the deletion results indicate that the presence of line receptor (Verrall and Hall, 1992; Kreienkamp et al.,
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Table 1. Deletion and Chimeric Analyses of Channel Assembly
Expression of Knockout with
Protein Levels Copurification Current in AAA Mutant in
Construct in HEK Cells in HEK Cells Oocytes Oocytes
IRK1 11 11 11 11
Cd385 11 11 11 11
Cd376 11 11 11 11
Cd333 1/2 1/2 1/2 2
Cd256 11 1/2 2 NT
Cd218 1/2 1/2 2 1/2
Cd131 11 2 2 2
Nd71 11 11 2 11
Nd80 11 11 2 11
6.1/uKATP 11 2 1/2 NT
IRK1-C1UK 11 1/2 2 NT
IRK1-C2UK 11 11 2 NT
NUK-IRK1 1/2 11 2 NT
NUK-IRK1-C2UK 1/2 NT 2 11
IRK2 11 1/2 11 2(IRK1-AAA on IRK2)
IRK1-C1IRK2 NT NT 11 11 on IRK2
11 on IRK1
IRK3 NT NT 11 2(IRK1-AAA on IRK3)
IRK1-CIRK3 NT NT 11 11 on IRK3
11 on IRK1
ROMK1 NT NT 11 2(IRK1-AAA on ROMK1)
IRK1-CROMK1 NT NT 2 11 on ROMK1
IRK1-M2CIRK2-CIRK1 NT NT NT 11 on IRK1
11 on IRK2
IRK1-M2IRK2-CIRK1 NT NT NT 11 on IRK1
11 on IRK2
IRK1-M2CROMK1-CIRK1 NT NT NT 11 on IRK1
1/2 on ROMK1
The table contains a summary of the major experimental findings. Three grades of effect are distinguished: 11 5 prominent signal/effect;
1/2 5 signal/effect present but just detectable and/or variable; and 2 5 signal not detectable. Copurification indicates whether copurification
occurs with IRK1-His6 when the indicated construct is FLAG-tagged. The knockout with AAA mutant indicates whether a dominant negative
effect occurs with coinjection of the indicated construct, with replacement of GYG in H5 with AAA and IRK1 (unless otherwise indicated).
NT 5 not tested.
1995). The first transmembrane segment (S1)also seems BIR10 (Kir 4.0 subfamily) and BIR9 (Kir 5.0 subfamily)
(Pessia et al., 1996). A study examining the interactionto be of major importance in increasing the affinity of
assembly (Shen et al., 1993; Babila et al., 1994). By of proteins from two different subfamilies, BIR10 (Kir 4.0
subfamily) and ROMK1 (Kir 1.0 subfamily) concludedcontrast, in the Kir family, a region of the C-terminus is
a major determinant of assembly and compatibility with that while heteroligomers occurred, they made up a
maximum of 30% of the total channel population (Glo-a variable contribution of the M2 segment. In other
words, M2 and the proximal C-terminus for the Kir family watzki et al., 1995). Taken together, these observations
point to heteromultimerization being case specific, vary-act like S1 and the N-terminus in the Kv family. Our data
also indicate that the early translation of an assembly ing in degree depending on the particular combination
studied, and not being determined rigidly by assignmentdomain is not necessary for ion-channel formation.
The rules governing compatibility in the Kv family are to a subfamily based on homology or function.
Can a model be formulated about how the Kir channelsclear; members are able tocoassemble within a subfam-
ily but not with members from another subfamily (Covar- form? The simplest hypothesis is that the M2 and proxi-
mal C-terminus contact the adjacent M2 and proximalrubias et al., 1991). It is clear that heteromultimerization
in the G protein-gated (3.0) Kir subfamily has an impor- C-terminus in the tetramer. The H5 and M2 segments
have been implicated in potassium-selective ion perme-tant physiological role; heteromultimers of GIRK1/3.1
and CIR/3.4 are found in the heart (Krapivinsky et al., ation (Ficker et al., 1994; Lopatin et al., 1994; Lu and
MacKinnon, 1994b; Stanfield et al., 1994; Yang et al.,1995), and heteromultimers of GIRK1/3.1 and GIRK2/
3.2 are present in several brain regions (Liao et al., 1996). 1995a; Reuveny et al., 1996; Slesinger et al., 1996). The
proximal C-terminus also contains a residue E224 thatIndeed, it has been suggested that GIRK1 is unable to
form a functional homomultimer (Hedin et al., 1996). One seems to play an integral role in pore function and in
particular inward rectification (Taglialatela et al., 1995;interesting result in our study is the biochemical and
functional evidence for only relatively weak association Yang et al., 1995a). Thus, a speculative structural model
of the inwardly rectifying potassium channels has thisbetween IRK1 and the homologous IRK2. There is also
evidence for association between members of different region of the C-terminus and the H5/M2 regions making
up the inner vestibule and the pore in which monomer-subfamilies, namely CIR/3.4 and 4.1, though the hetero-
multimers are degraded (Tucker et al., 1996), and evi- to-monomer contact stabilizes the tetramer and deter-
mines specificity of association.dence for functional heteromultimerization between
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minigel system(Bio-Rad) to estimateprotein expression using West-Possible Implications
ern blotting. The remaining cell sample was homogenized and solu-Does the narrowing down of the region have any pre-
bilized in 1% Triton in TBS with 100 mM phenylmethylsulfonyl fluo-dictive ability for events occurring in the cell? In the Kir
ride, 2 mg/ml aprotinin, 2 mg/ml antipain, and 10 mg/ml benzamidine
1.0 subfamily, a splice variant ROMK2, in which the first on ice for 1 hr. Unsolubilized material was removed by centrifuga-
19 amino acids of ROMK1 are absent, appears to be tion, and 50 ml of 50% slurry of Probond resin (Invitrogen) was
added. The Probond binding resin is Ni21-charged iminodiaceticmore ATP-sensitive than ROMK1 (McNicholas et al.,
acid coupled to Sepharose beads (referred to as resin or binding1996). Furthermore, both isoforms are expressed in
resin in the text). The sample was exposed to the resin for at leastsome nephron segments (Boim et al., 1995). It seems
2 hr at 48C and washed with six 1 ml washes containing 25 mMlikely that ROMK1 and ROMK2 will readily heteromultim-
Imidazole in TBS with 0.2% Triton. The bound protein was eluted
erize. The major physiological channel type may be a from the resin using 500 mM Imidazole, diluted with an equal volume
heteromultimer, and if this occurs, what are the ATP of loading buffer, and denatured (at 908C for 4 min) prior to one-
half of the sample being run on a 12% denaturing polyacryla-sensitivities of the various possible combinations?
mide gel.The M2 segment and the proximal C-terminus are
Western blotting was performed using the chemiluminescent sys-highly homologous betweenthe various inwardly rectify-
tem (Amersham). Blocking was carried out in 5% Carnation Milk ining potassium-channel subfamilies. It seems likely that
TBS-T (TBS with 0.1% Tween 20) for 2 hr. The FLAG antibody (East-
small differences in folding and/or exposure of surfaces man-Kodak) was used at a concentration of 20 mg/ml in TBS. The
involved in determining the complimentarity and ener- IRK1C1 antibody was raised to a peptide corresponding to amino
acids 376–395 in IRK1 and the rabbit sera affinity purified with anti-getics of subunit binding, due to perhaps a few amino
genic peptides and was used at a concentration of 0.4 mg/ml inacids, may lead to major effects on recognition and
TBS-T. Horseradish peroxidase–linked secondary antibodies wereassembly. Thus, the implication for other Kir subfamilies
from Jackson Immunoresearch Laboratories. Blots were exposeddepends on a more careful dissection of the elements
to film for 15 s to 1 min unless otherwise indicated.
involved in this recognition process.
Electrophysiology Methods
Experimental Procedures Xenopus laevis oocytes were surgically removed from the frogs
under anesthesia, washed in Ca-free ND96 (96 mM NaCl, 2 mM KCl,
Molecular Biology 2 mM MgCl2, 5 mM HEPES [pH 7.6], and 1% penicillin/streptomycin),
Mutants, chimeras, and fusion proteins were made using standard treated with collagenase (2 mg/ml) to remove follicular cells, and
molecular techniques, including site-directed mutagenesis, the washed with ND96 (as for Ca-free except now including 1 mM CaCl2).
polymerase chain reaction, and oligonucleotide insertion or combi- Oocytes were injected with 46 nl of RNA. A reference RNA concen-
nations thereof, and verified by DNA sequencing of the constructs tration of approximately 1 mg/ml for 1.7 kB size of IRK1 RNA was
(Sequenase kit v2.0, United States Biochemical). All constructs were used, and dilutions are relative to this. Macroscopic currents were
expressed in pcDNA3 (Invitrogen) for expression in mammalian cells recorded 1–3 days after injection using a two-electrode voltage
or pBluescript (Stratagene) for in vitro synthesis of methyl-capped clamp (Axoclamp 2A or Dagan CA-1) in 90 mM KCl, 2 mM MgCl2,
RNA (using a Stratagene kit) for oocyte work. The exceptions were and 10 mM HEPES (pH 7.5) with KOH. Membrane potential was held
IRK1-M2CIRK2-CIRK1-AAA, IRK1-M2IRK2-CIRK1-AAA, and IRK1- at 0 mV, and an approximately 300 ms pulse was applied to holding
M2CROMK1-CIRK1-AAA. These were constructed in a variant of potentials between 50 mV and 2100 mV, decreased in 10 mV steps.
IRK1 in pGEMHE (IRK1F constructed by Dr. A. Collins), NUK-IRK1- For the strongly rectifying channels (IRK1, IRK2, and IRK3), a P/10
C2UK-AAA, and IRK1-CROMK1, which were subcloned into protocol from a membrane potential of 20 mV was used, and for
pGEMHE (Liman et al., 1992), ROMK1, which was used in the pSport Kv1.2, a P/24 from 2100 mV subpulse holding potential was used.
vector, and IRK3, which was used in a pFROGY variant (Collins et ROMK1 is a weakly rectifying channel, and an estimate of K1 selec-
al., 1996). A version of IRK2 cloned from mouse brain was used tive current was obtained by subtracting the current in 5 mM KCl/
(Takahashi et al., 1994). Chimeras between IRK1 and IRK3 were 85 mM N-methyl-D-Glucamine and 10 mM HEPES (pH 7.5). Currents
constructed using a nearly identical channel (Morishige et al., 1994). were measured 100 ms into the voltage pulse at 2100 mV for in-
There were no differences in the qualitative behavior of the two wardly rectifying potassium channels and at 50 mV for Kv1.2. The
clones. RNA concentrations were estimated from a formaldehyde- contribution of endogenous currents was estimated by measuring
agarose gel, and in coinjection experiments, the ratio is molar, taking currents in uninjected oocytes from the same batch.
into account the size of the relevant RNA species. Whole-cell patch-clamp recordings of HEK293 cells were per-
The mutants and chimeras (Figures 3A, 5A, 6A, and 7B) were often formed using the Axopatch 200A amplifier (Axon Instruments) with
combined with a replacement of GYG in H5 with AAA or by epitope- glass pipettes pulled from borosilicate glass with resistances of
tagging the N-terminus with the FLAG sequence. The latter se- approximately 1 megohm and coated with a parafilm/mineral-oil
quence begins with Met-Val-FLAG (8 amino acids Asp-Tyr-Lys-Asp- suspension after filling. Series resistance was 95% compensated.
Asp-Asp-Asp-Lys)-amino acid 2 of construct and is indicated by The pipette solution contained 20 mM K2SO4, 90 mM KCl, 1 mM
FLAG after the abbreviation of the construct. One other construct EDTA, 20 mM HEPES (KOH to pH 7.2 z 140 mM K1), and the bath
was made that included Met-Val-His-His-His-His-His-His-amino solution of 140 mM KCl, 2.6 mM CaCl2, 1.2 mM MgCl2, and 5 mM
acid 2 of IRK1 (IRK1-His6). HEPES (pH 7.4). The membrane potential was held at 0 mV, and
an approximately 30 ms pulse was applied to holding potentials
between 100 mV and 2100 mV, decreased in 10 mV steps.Cell Culture and Biochemistry
HEK293 cells were cultured in MEM Eagles/10% Fetal Calf Serum/ Data were acquired and analyzed using the Axon TL-1 A/D inter-
face and pClamp 5.5 and filtered at 1 kHz and digitized at 5 kHz.1% Penicillin/Streptomycin (from a stock of 10,000 U/ml Penicillin
and 10 mg/ml Streptomycin) at 378C in 5% CO2. Cells at 40%–50% Two precautions were taken to establish the specificity of any
dominant negative effect. The cRNA causing knockout was coin-confluence in 35 mm plates were transfected using Lipofectamine
(GIBCO–BRL) with 800 ng DNA of each species for single transfec- jected with Kv1.2. Second, cRNA of IRK1/IRK2/IRK3/ROMK1 was
injected at concentrations below saturation so that injection of twicetion or cotransfection. They were harvested 48 hr later, when conflu-
ent, from a 35 mm well (z1 mg protein) into ice-cold TBS (50 mM the quantity of cRNA shown led to a > 50% increase in current. The
chimeras NIRK2-IRK1, IRK1-C1IRK2, IRK1-C2IRK2, NIRK3-IRK1,Tris–HCl, 150 mM NaCl [pH 7.4]) and dispersed by trituration. A
ninth of this sample was lysed with an equal volume of 2% SDS in and IRK1-CIRK3 express currents in oocytes. Replacement of the
GYG residues in the H5 segment of these chimeras with AAA elimi-23 upper gel buffer, sonicated and diluted with loading buffer, and
denatured (at 908C for 4 min) prior to being run on a 12% denaturing nated functional expression (not shown). IRK1-CROMK1 did not
express currents in oocytes and showed dominant negative effectspolyacrylamide gel (approximately 1/50 of the sample) using the
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on ROMK1 (Figure 6D). All error bars indicated are 6 the SEM, and Hille, B. (1994). Modulation of ion-channel function by G-protein-
coupled receptors. Trends Neurosci. 17, 531–536.statistical significance was assessed using a Student’s t test
(p < 0.05). Ho, K., Nichols, C.G., Lederer, W.J., Lytton, J., Vassilev, P.M., Kana-
zirska, M.V., and Hebert, S.C. (1993). Cloning and expression of an
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